The aim of this study was to develop an algorithm for the automatic segmentation of multispectral images of pigmented skin lesions. The study involved 1700 patients with 1856 cutaneous pigmented lesions, which were analysed in vivo by a novel spectrophotometric system, before excision. The system is able to acquire a set of 15 different multispectral images at equally spaced wavelengths between 483 and 951 nm. An original segmentation algorithm was developed and applied to the whole set of lesions and was able to automatically contour them all. The obtained lesion boundaries were shown to two expert clinicians, who, independently, rejected 54 of them. The 97.1% contour accuracy indicates that the developed algorithm could be a helpful and effective instrument for the automatic segmentation of skin pigmented lesions.
Introduction
The incidence of malignant melanoma, a disease of worldwide distribution, has been rapidly increasing over the last few decades, especially among Caucasians (Jemal et al 2005) . Early detection and prompt surgery represent the only curative management of patients affected by the disease (NIH Consensus Conference 1992, Balch et al 2001) . The clinical diagnosis of melanoma is commonly based on the ABCD system, a checklist of parameters (asymmetry, border, colour and dimension) which was introduced to facilitate the visual recognition of this tumour (Friedman et al 1985) . Improvements in diagnostic sensitivity have been reported with the application of dermatoscopy (Pehamberger et al 1993 , Nachbar et al 1994 , Cristofolini et al 1994 . To evaluate whether a pigmented lesion is a melanoma or not is to a large extent subjective, as with any clinical diagnosis, and the experience of the individual clinician plays a fundamental role in the recognition of this disease. In the last decade, several techniques based on acquisition and elaboration of images of skin moles have been developed to obtain a 2D visualization of the lesions in an attempt to objectively evaluate the clinical features involved, such as those presented in Cascinelli et al (1992) , Green et al (1994) , Sober and Burstein (1994) , Marchesini et al (1995) , Bono et al (1996 Bono et al ( , 1999 Bono et al ( , 2002 , Andreassi et al (1999) , Binder et al (2000) , Farina et al (2000) , Rubegni et al (2001) , Moncrieff et al (2002) , Rosado et al (2003) and Tomatis et al (1998 Tomatis et al ( , 2003 Tomatis et al ( , 2005 . In addition, for a cross-sectional representation of in vivo biological tissues, optical coherence tomography systems are under investigation. Details and/or preliminary results are presented in Welzel (2001) , Marchesini et al (2002) and Marghoob et al (2003) .
A great variability exists in the visual appearance of pigmented skin lesions, ranging from very pale to highly dark colours, from homogeneously distributed to strongly variegated pigmentation, from well defined to soft vanishing lesion edges, from lesions smaller than a pin's head to lesions with diameters larger than 15 mm. Therefore, the implementation of an accurate automatic segmentation method for skin pigmented lesions is a difficult task, and it is still a matter of research. In addition, clinicians do not always show a reliable intra-and inter-operator agreement in delineating lesion edge. Thus, an automatic approach is required able to perform reproducible outlines as well as reproducible extraction of lesion features, especially when infrared images are involved.
Different segmentation techniques based on the intensity characteristics of the images may be applied (Gonzalez and Wood 1992) , or have been proposed for skin lesion segmentation (Claridge et al 1992 , Schindewolf et al 1993 , Ercal et al 1993 , Hall et al 1995 , Elbaum et al 2001 , Ganster et al 2001 , Erkol et al 2005 . Most of them refer to the grey-level histogram of the lesion image, evaluating gradients, peaks and local minima of these distributions. Limits of these techniques have also been discussed (Gonzalez and Wood 1992, Hall et al 1995) .
In this research, we evaluated the capability to correctly contour a skin lesion and its internal isles of dark colour by a different segmentation algorithm implemented in a novel spectrophotometric system.
Material and methods

Patients
Between September 2002 and November 2004, 1700 patients (943 females and 757 males) with 1856 cutaneous pigmented lesions, including 264 melanomas, were enrolled in the study at the Istituto Nazionale Tumori of Milan. The median age of the patients was 36 years, ranging between 5 and 88 years. All the acquired lesions were consequently seen by the clinicians working in our Melanoma Unit. Inclusion criteria were based on clinical and/or dermatoscopic features that suggested a more or less important suspicion for melanoma. All the lesions were then subjected to surgery and histological examination. Lesions excluded from the study were those awkwardly situated, like those placed in the interdigital spaces, on ears, on the nose, in the navel, etc. If the lesion and the surrounding skin were hairy, to not interfere with reflectance measurement hairs were shaved with a razor before acquiring the image. The maximum diameter of the lesions ranged from 1 mm to 20 mm; mean and median diameters were 6.8 mm and 6 mm, respectively. Before surgery, images of the 1856 pigmented lesions were acquired in vivo. The slides were evaluated according to the widely accepted criteria for the histopathological diagnoses of the various pigmented lesions (Elder and Murphy 1991) . Of the 264 melanomas 21 were in situ and 203 were thin lesions (Breslow thickness <1 mm or Clark level I). The median thickness of the invasive melanomas was 0.55 mm, ranging between 0.09 mm and 2.68 mm.
Image-acquisition system
The spectrophotometric system (SpectroShade R , MHT, Verona, Italy) used to acquire multispectral images of the lesions is mainly composed of an illumination assembly located inside a PC and an external detection device placed in a hand-held probe. Details of the image acquisition system are reported in Tomatis et al (2005) .
All images (640 × 480 pixels), acquired within a useful area of 18×14 mm 2 (spatial resolution of 33 pixels mm -1 ), were stored in the PC. Image analysis was firstly performed by software developed in the MATLAB R programming environment, which was subsequently implemented on a C++ compiler.
Image segmentation
Usually, automated image segmentation is one of the most difficult tasks in image analysis. The procedure should be performed for the best, because any possible unfitting could imply improper extraction of the lesion features. Image segmentation is often achieved by combining the following two methods: (i) applying region-oriented models, based on directly finding the regions; (ii) accomplishing thresholding techniques, based on distributions of pixel properties (e.g. intensity, colour) (Gonzalez and Wood 1992 , Claridge et al 1992 , Hall et al 1995 .
A typical region-oriented approach is called region growing by pixel aggregation. Starting with a set of 'seed' pixels, this procedure groups pixels into larger regions by appending connected neighbouring pixels with similar properties (e.g. intensity, colour).
Thresholding techniques apply to grey-scale images, aiming to separate an object from its surrounding background by finding a proper threshold (TH), and assigning two different numerical values, usually 0 and 1, to those pixels respectively above and below TH. Following this partition, a segmentation mask can be obtained by converting the grey-scale image into a binary image, where the ones represent the pixels of the lesion and the zeros are related to the background. More accurate segmentations will result with highly contrasted objects under controlled illumination conditions. Global thresholding techniques operate on the grey-level histogram of the images, finding TH between the peaks related to the reflectance distribution inside the pattern and that of the surrounding area. A typical example is shown in figure 1 .
Based on the combination of the two approaches described above, the segmentation method we developed for pigmented skin lesions is composed of following steps. First, the image is divided into regions of 10 × 10 pixels and the mean intensity of each region is evaluated. The darkest pixel inside the darkest region is then fixed as the 'seed' of the searched region. Assuming that pigmented lesions have at least one pixel darker than the surrounding skin, this procedure guarantees that the seed is taken inside the lesion. Second, starting from the 'seed', all connected pixels with intensity smaller than a previously determined TH are appended, considered part of the region and '1' is placed to the segmentation mask. The description of the calculation of TH is reported below. Third, all pixels falling inside the segmentation mask and with intensity greater than TH are added to the segmentation mask, i.e., 'holes' inside the segmented region are filled.
In our study there are 15 images to be segmented for each lesion, one for each available wavelength. The method we developed to find the TH was not based on the grey-level histogram but on a representation of the monochrome image we called threshold-reflectance graph (TRG).
The TRG from an image was calculated at each wavelength by plotting at each selected grey level (x-axis) the correspondent reflectance mean value (y-axis) of all pixels with a grey level smaller than the selected one. Each grey level is considered a likely TH, and for each of these THs the related segmentation mask and the mean intensity of the pixels inside the mask are evaluated. A typical TRG curve (figure 2) can be divided into four main segments.
(1) In [255, TH 1 ], TRG is constant or very slowly varying, because a neglecting fraction of pixels has a value inside this specific range; differences between skin and lesion are still not recognizable, the contour contains almost the whole image. (2) [TH 1 , TH 2 ] corresponds to the region of transition from skin to lesion. The curve becomes steeper because there is a large number of pixels having intensity TH, and diminishing TH greatly reduces the mean value of the remaining pixels. Thus, reducing TH in this range involves a great reduction in the segmentation mask. M' is the value of TH where the curve shows the maximum gradient. (3) In [TH 2 , TH 3 ], the slope of the curve decreases; the values of TH are entering the range of the lesion pigmentation. The less steep is the TRG in this range, the less pixels are eliminated reducing TH, the smaller are the changes in the outline by diminishing TH. (4) In [TH 3 , M"], the gradient again increases due to the fact that the reduction of TH in this grey-level range excludes an increasing fraction of pixels and greatly reduces the size of the segmented region inside the lesion. Plot of TRG stops at M" where the TH value involves the extraction of less than 100 pixels, corresponding to a lesion area smaller than 0.1 mm 2 .
Between M' and M" the TRG is fitted by a third-order polynomial function p (figure 3a)), and the flex point F and the line t tangent to F evaluated. Starting from this representation and from the considerations regarding the TRG discussed above, the threshold TH * λ for the segmentation of the entire lesion must fulfil the following conditions: 
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For each wavelength, after having fixed one of the α values included in the given range, algorithm (1) finds automatically the grey-level value TH * λ in the surroundings of TH 2 that defines where the lesion pigmentation in TRG starts. Comparison between figures 1(c) and 3(c) shows that the TRG-based algorithm is able to contour small lesions better than histogram equalization does.
Symmetrically to (1), another threshold TH λ * * can be defined on the TRG at each wavelength by the conditions:
(2) TH * * λ is in the surroundings of TH 3 and visually represents the segmentation threshold of the dark islands inside the lesion and can be evaluated at each wavelength, until it is possible to find such kind of areas within the lesion, since at longer wavelengths image of pigmentation could totally disappear. It is worth mentioning that the concept of 'dark' obtained by applying the segmentation algorithm is not absolute, since 'dark' is everything below the calculated TH * * λ , whose value differs from case to case. The parameters α and β appearing in (1) and (2) determine the fine tuning of the segmented boundary of lesion and dark island, respectively.
Although TRGs in figures 2 and 3(a) represent the behaviour of most common lesions, there are some specific cases, i.e. bicoloured lesions ( figure 4(a) ), where TRG is different ( figure 4(b) ). For this kind of lesions, TRG is not well fitted by a third-order polynomial and to get a satisfactory segmentation (1) has to be modified and completed by further conditions. Linear fittings of a symmetrically increasing number of points around F are performed and the slopes of the obtained straight lines l i evaluated. Defining l as the l i with the nearest slope to t, TH * * λ is the value that satisfies the following conditions:
Consequently, for the lower threshold TH * * λ the conditions are completed:
(4) Similar to α and β, ε and δ determine the fine tuning of the lesions' and dark islands' outlines, respectively. In fact, for the given range of parameters ε and δ, segmentations are not appreciably different and surface variability is estimated to be less than 5%. Dark islands are not assumed to be connected, thus each pixel inside the lesion with grey level smaller than TH * * λ is considered a dark spot. Figures 4(c) and (d) show that the TRG-based extended algorithms (3) and (4) are able to contour bicoloured lesions and to correctly extract the dark fraction inside.
Running algorithms (3) and (4) was very time consuming when applied to the 15 wavelengths for each lesion, e.g., 10 min with a Pentium IV processor, 1.7 GHz. To speed up running time, the algorithm previously developed in Matlab was implemented on a C++ compiler, and the time for processing a lesion was less than 45 s. 
Results
Figure 5 shows typical images acquired at the indicated wavelengths for an in situ melanoma (max diameter of 4 mm). On each image, the contours of lesion and dark island evaluated by the TRG-based method are superimposed. By varying wavelength the reflectance changes, as well as the dimensions of lesion and dark islands.
To check whether the automatic segmentation of the lesion agreed with that the clinician would have drawn, lesion contour from the image acquired at 584 nm was superimposed on the lesion image acquired with the colour CCD camera. To verify the accuracy of the automatic procedure, 250 from the 1856 RGB images were randomly selected and submitted to two expert clinicians, who were asked to independently plot the contours by hand, thus to evaluate the inter-operator agreement. Their segmentations were similar, within an area difference of ±10%, but never completely matched each other. An example of this comparison is shown in figure 6 . After some weeks, the same clinicians were asked to draw segmentations on the same lesions previously contoured. Yet, differences in the segmented lesion surfaces were estimated to be ±10%, at least (intra-operator agreement). The previous findings indicate that an absolute segmentation mask does not exist, segmentation being a subjective process with intrinsic uncertainty and, as a consequence, a comparison between clinical and automated segmentations could not be the right way to validate the computational approach. The verification process we applied was inverse. The images at 584 nm of the 1856 lesions were automatically segmented, having previously set ε and δ (appearing in (3) and (4)) to 0.5, which was the value that visually better contoured the whole set of lesions as well as the dark islands. RGB images of the 1856 lesions, including the obtained contours, were shown to the same two clinicians, who independently evaluated the derived segmentations. Eventually, the outlines related to 54 lesions, which were the same for both clinicians, were rejected, leading to a rate of correct segmentations of 97.1%. The rejected lesions were further segmented varying ε and δ in steps of 0.25 from 0 to 2, but outlines were still rejected being too narrow or too broad. The reasons for the failure of the segmentation algorithm can be summarized as follows: (i) shadows on one or more borders of the image ( figure 7(a) ), due to either the fact that the acquired anatomical region was not fully enclosed in the field of view of the hand probe (six cases) or the operator made a mistake during image acquisition (nine cases). A homogeneous illumination is provided by the instrument's optics only if the hand probe fits the skin surface. An incorrect positioning of the probe (which should be held as perpendicular as possible to the sample) may cause shadow artefacts affecting the image quality; (ii) difference between the colour of a marginal part of the lesion and the surrounding skin was not sufficiently appreciable ( figure 7(b) ), even for the eye of an expert clinician, or lesion exhibited a regression area at its border (20 cases); (iii) six lesions were located in places where the reflectance at the surrounding skin was not evenly distributed when illuminated, e.g. two lesions were partially on the tanned breast areola (figure 7(c)) and one lesion was on the perianal region (glossy surface); (iv) two different lesions on the same image were too close to be distinguished (figure 7(d)) and were contoured as a single one (four cases); (v) foreign dark elements were recognized as part of the lesion because they are visually connected to it, i.e. the skin surrounding the lesions was not adequately shaved (figure 7(e)) and some hairs were contoured as part of the lesion (six cases) and in one case a blood capillary was clearly distinguishable.
As a comparison with a standard method, we also applied global thresholding using Otsu's method (Otsu 1979 ) to find TH in our images. In this case, clinicians indicated 241 (13.0%) borders out of the 1856 segmented images as wrong, indicating a significant decrease in the contouring capability by this method.
In conclusion, the result obtained by evaluating TH from TRG and the almost non-sensitive dependence of the segmentation within the ε and δ settings given in (3) and (4) suggest that the proposed method has high stability.
Discussion
The automatic segmentation of an image is an important step in the image-processing chain and should not be underestimated. Sensitive differences in the boundaries, especially if small lesions are involved, can drastically change the values of the computed parameters. The capability of the software to correctly contour the lesions is therefore an important index of the generic applicability of the instrument to cases with different characteristics.
There are a few papers that report results obtained in the segmentation of the lesions, the applied algorithms and how the results were tested. Observing the grey-level histograms of an RGB image and searching for the turning point or valley, Green et al (1994) correctly recognized 83.8% of the lesions of the data set. Schindewolf et al (1993) proposed an algorithm that gave the desired results at the first attempt in 56% of the cases, and 86% after the intervention of an external observer. Ercal et al (1993) claimed that an accurate automated border identification is obtainable in at least 80% of the whole cases and for this reason, the authors opted for a manual identification of the boundaries by the dermatologist (Ercal et al 1994) . In an exhaustive review, Hall et al (1995) identified the problems that can arise in lesion segmentation and pointed out how too simple algorithms for analysing histograms may lead, in many cases, to a non-optimal identification of the proper contour. In a recent work, Elbaum et al (2001) did not report the percentage of the lesions with a satisfactory contour, but included in the study also the lesions whose automatic segmentation differed from that determined by a dermatologist from a colour image.
The image segmentation done by the clinician should not be considered as the 'gold standard', being dependent on colour perception and his/her experience. Hence, it should be accepted that for each lesion different segmentations are possible. The edges between mole and surrounding skin are often blurred, and the pigmentation transition is characterized by a more or less steep gradient. Along the increasing intensity at the lesion border each clinician draws its subjective boundary, which can be for example closer to the skin or closer to the mole, and the resultant contour appears more or less broad, respectively. The main reason to adopt an automated algorithm is that it can segment the lesions in an objective and reproducible way.
Global thresholding using Otsu's histogram-based method gave 241 wrong outlines out of the 1856 lesion images. This result is almost comparable to other results reported in the previously cited literature. A significant improvement is obtained by our TRG-based method, which resulted in 1802 correctly contoured lesions out of 1856 (97.1%), giving a very low number of moles that were not delineated automatically and needed an external intervention. Histogram-based methods fail in the case of very small (figures 1 and 3) or very pale lesions, because the lesion's peak is too noisy due the scarce number of involved pixels or the lesion's peak is apparently not distinguishable from the skin intensity histogram ( figure  8(a) ), respectively. As is shown in figures 1 and 3 or with the pale lesion in figure 8 , TRG has the capability to emphasize differences between lesion and skin which are not detectable from the grey-level intensity histogram.
The percentage of correct outlines obtained with TRG is comparable to 96% (3841 correctly contoured lesions out of 4000) described by Ganster et al (2001) , and to 96% (1555 correctly contoured lesions out of 1619) reported by Binder et al (2000) , who apparently adopted a more complex segmentation method based on the fusion of three different algorithms, i.e., global thresholding, dynamic thresholding and three-dimensional clustering. Similarly to our study, incorrect results were attributed to marginal regression areas of the lesions or to a weak pigmentation which did not differ enough from the surrounding skin. However, the substantial lack of a common or standardized basis about the enrolled lesions, as well as differences in the method used to acquire images (i.e., RGB colour system or multispectral imaging), strongly limits the comparison of our results with those from the literature.
There are different methods to find TH (Gonzalez and Woods 1992) , mostly operating on the grey-level histogram of the image and finding TH between the peaks related to the reflectance distribution inside the pattern and that of the surrounding area. When applied to images of pigmented lesions, this approach is satisfactory for the segmentation of contrasted and not too small (e.g., 1 cm diameter) lesions, but may be, for example, not realistic for small lesions (such as the 2 mm diameter lesion in figure 1) , or in the case of lesions composed of agglomerates of two or more different colours (such as the bicoloured lesion in figure 4(a) ) (Hall et al 1995) . In particular, if small lesions' images are considered, intensity peaks of lesion and skin are highly dissimilar and the peak related to the lesion is very much subjected to noise. In the case of a variegated lesion, three or more peaks can be recognized in the histogram, and more than one TH could be found. In these cases, if the grey-level value of the first local minimum left to the skin distribution is set to TH, the obtained lesions' dimensions are generally overestimated.
Moreover, correctly detected lesion boundaries are necessary to extract representative colour and morphologic features from the skin mole images which may be applied as inputs for models for the automatic melanoma detection as, for instance, neural network classifiers. The present study has been a fundamental step to the application of this multispectral imaging system in the automated melanoma detection (Tomatis et al 2005) .
Conclusions
The segmentation algorithm presented in this paper represents a helpful and effective method to contour skin pigmented lesions, especially when multispectral image systems are adopted, resulting in an agreement in the border identification with expert clinicians in 1802 cases out of 1856 (97.1%). The TRG, on which the segmentation algorithm operates, shows a trend that is the same for every pigmented lesion. This finding allowed us to define a rule for reliably detecting the boundaries of the lesion and of 'dark' isles inside it.
Apparently, every thresholding method is often unable to distinguish non-pigmented regions in the lesion from the skin, because of their similar reflectance intensity. When these zones are internal, the problem is automatically resolved by filling each hole appearing in the segmentation mask. To our knowledge, no solutions have currently been found when regression areas border the skin.
